Abstract-Reflective filters are characterized by a frequency response with good matching at the band of interest and usually reactive impedance out of those frequencies which may adversely affect the system performance. On the other hand, reflectionless filters are characterized by good matching characteristic not only at the interest frequencies, but in the whole frequency spectrum which improves the overall linearity, efficiency, and reduces instability scenarios at the system level. Although several reflectionless structures can be found in the literature, the concatenation of different reflectionless sections, combined with the use of acoustic resonators has not been exploited yet. The particular electrical behavior of acoustic wave resonators, where two different resonant frequencies are found, allow to obtain a frequency response with high selectivity due to the presence of transmission zeros below and above the passband. A bandpass filter has been designed following the described procedure with a fractional bandwidth F BW = 2%, a pair of transmission zeros below and above the bandpass, and an improved out-of-band rejection with respect conventional topologies.
INTRODUCTION
Reflective filters are the most popular solution in charge of shaping the spectrum content, but simultaneously are responsible for several practical difficulties including: potential instability of integrated amplifiers with high out-of-band gain and unpredictable nonlinear effects resulting from the reactive harmonic loading, as well as potential damage to high-power transmitters with large harmonic content [1] . On the other hand, reflectionless became an attractive solution to previous difficulties since good matching condition is achieved not only at the interest frequency band, but also in the outer regions. This can be achieved by taking advantage of complementary even-and odd-mode equivalent circuits as seen in [2] [3] [4] . Also dissipative impedance matching sections can be used in order to cancel the reflected wave by means of lumped elements [5] , but also using other technologies, for example multilayer stripline [6] .
Moreover, from the filter point of view, the reflectionless condition is also useful in order to obtain more sophisticated frequency responses since different filtering sections can be directly concatenated without the need to include any extra matching mechanism. This has been proposed in [4] , where the cascading is used to have a control on the achievable bandwidth of the filter response, but also with the aim of designing duplexers.
Although several reflectionless structures have been previously reported, the use of acoustic technology has not been exploited in this class of filters. In this sense, acoustic wave resonators (SAW/BAW) show a particular frequency behavior characterized by two resonant frequencies [7, 8] at which the input impedance is zero and infinite. Taking advantage of extracted pole nature of such resonators, very high-selective bandpass responses can be achieved due to the presence of transmission zeros below and above the passband. It must be highlighted at this point that the allocation of such transmission zeros can be controlled as it will be shown in the design procedure.
This work presents a very high-selective reflectionless bandpass filter with improved out-of-band rejection based on AW resonators. First, the lowpass protoype will be discussed. Then, taking advantage of the properties of reflectionless structures and the properties of acoustic wave resonators, the design procedure for a bandpass response with transmission zeros below and above the passband is described. As a validation example, a bandpass filter is shown using fabricated AW resonators, with a fractional bandwidth F BW = 2% and a pair of transmission zeros below and above the passband. In addition, the effects on the return losses of possible unbalances in the structure are described. Finally, the conclusions are presented.
LOWPASS PROTOTYPES BASED ON AW RESONATORS
The design of the lowpass reflectionless microwave filters is based on the connection of two highpass prototypes networks taking advantage of the even-and odd-mode equivalent circuits [2, 3] . Although this work is focused on the design of a bandpass filter, other arrangements in the lowpass prototype are suitable to obtain bandstop frequency responses [4] . A perfect matching condition (S 11 = 0) entails that Γ even = −Γ odd , which is equivalent to z even = y odd . The constraints to keep duality and symmetry lead to the prototype in Fig. 1 , as explained in [2] , where the dashed line represents the symmetry plane. Although extra elements can be added to have more flexibility [2] , the value of the elements must follow the next relation,
The electrical behavior of the AW resonator is usually modeled in the bandpass domain by the Butterworth-Van Dyke (BVD) model, formed by a series L AW -C AW tank, modeling the acoustic behavior, in parallel with a static capacitance C 0 modeling the electric behavior [9] . On the other hand, the dangling resonator is an attractive and useful representation of the lowpass model [7, 10] which is at the same time related with the lowpass BVD model as shown in Fig. 2 . The impedance of the series AW resonator is defined for the lowpass BVD equivalent circuit as,
As previously commented, the frequency solution leading to Z AW = 0 Ω is known as the resonance frequency f r (also series frequency), while the frequency solution for Z AW = ∞ Ω is known as antiresonance frequency f a (also parallel frequency). The frequency difference between f r and f a is given by the electromechanical coupling constant k 2 eff which is a parameter defined by the material system [10] . As will be further discussed, this is directly related with the bandwidth of the filter response. Taking into consideration the symmetry conditions mentioned above but also the technological restrictions which forces the specific BVD model, the configuration in Fig. 1 can be modified to the case of using AW resonators as shown in Fig. 3 (Section 1) . The inversion of the impedance, as stated in Eq. (1), is achieved by means of unitary admittance inverters, being J = 1 in the lowpass prototype. The source and load terminations are normalized to R = 1 Ω. It is important to state that the AW resonator is the same for the whole structure. This is positive from the technological point of view, but also in order to minimize unwanted unbalances as will be further discussed.
The obtained transmission response for configuration in Fig. 3 is shown in Fig. 4 together with the electrical behavior of the AW resonator. At f r1 the AW resonator behaves as a short-circuit in the passband signal path, and open-circuit in the stopband signal path, while at f a1 , the passband signal path is blocked, which entails a transmission zero at such a frequency. The transmission zero observed close to the bandpass occurs at the central frequency of the AW resonator, that is, f 0i = √ f ri f ai , where a destructive interference is given [11] . The return losses have been avoided since, due to symmetry conditions, they are negligible unless the odd-and even-mode branches are not perfectly complementary. This is the case of ideal prototypes; however, as shown later, for an unbalance φ i < 1 • a return loss RL < 40 dB is achieved. Based on this basic configuration in Fig. 3 , the complementary structure can also be considered as shown in Fig. 5 (Section 2) . Unlike the previous case, the signal is blocked in the passband signal path at f r2 since the impedance of the AW resonator is 0 Ω which is between admittance inverters. The frequency at the bandpass is now found at f a2 resulting in the transmission response shown in Fig. 6 . Again, the return losses have been avoided in the figure since they are negligible.
DESIGN PROCEDURE FOR CONCATENATED SECTIONS
In order to obtain high selectivity below and above the passband, and also an improved out-of-band rejection, the complementary configurations in Fig. 3 and Fig. 5 can be concatenated without loading effects of one on the other since perfect matching is achieved at the whole frequency range. The transmission response of the concatenated sections configuration is shown in Fig. 7 (gray symbol line) , together with the transmission response for each of the used sections. As it was predictable, the loading effects of one section on the other are negligible.
In a conventional Ladder-type filter, the achievable filter bandwidth is directly related with the electromechanical coupling constant k 2 eff [12] . In this case, the transmission zeros are a direct contribution of f r of parallel resonators for the transmission zeros below the passband, and f a of series resonators for the transmission zeros above the passband. Unlike this configuration, in the proposed structure, there is also one transmission zero closest to the bandpass (above and below), which, as previously described, corresponds to the center frequency of the acoustic resonators. Therefore, the achievable bandwidth for these reflectionless type filters will be approximately half of the conventional ladder-type filters.
Taking these considerations into account and for the sake of simplicity of the design procedure, the acoustic wave resonators can be designed in such a way that f r1 = f a2 , where subscripts 1 and 2 refer to Sections 1 and 2, respectively. The bandwidth can be still increased if f r1 is slightly higher than f a2 . Because this difference is higher, the higher ripple in the bandpass will be present as it also occurs in the conventional ladder-type filters.
Finally, the position of the outer transmission zeros will be directly related with f a1 and f r2 .
HIGH-SELECTIVE BANDPASS FILTER DESIGN
The proposed structure has been designed using manufactured Bulk Acoustic Wave -Solid Mounted Resonator (BAW-SMR). The electrical behavior for such resonators is characterized by resonant The detail of the obtained transmission response and the input electrical impedance of each resonator are shown in Fig. 8 . As expected, the position of the transmission zeros and the center of the passband are consistent with the previously described design procedure. Transmission zeros closer to the bandpass (f = 1935 MHz and f = 1991 MHz) and in the out-of-band region (f = 1600 MHz and f = 2275 MHz) are solutions for S 21 = 0, when z even = y odd . The rest of transmission zeros (f = 1908 MHz and f = 2019 MHz) occur when z even = 0 Ω and y odd = 0 S, at f r2 and f a1 , respectively. Figure 9 shows the transmission response of the designed filter in a wide frequency range. A spurious resonance can be observed close to 3.2 GHz. This resonance is due to the intrinsic behavior of the used BAW resonators which could be avoided for example including a thickened edge load in the top electrode as discussed [13] . Unlike conventional Ladder-type filters, the out-of-band rejection is decreasing monotonically.
The in-band group delay of the designed filter is shown in Fig. 10 . It can be observed that the classical peaks at the edge on the band are also present; however, the level is below 40 ns. Although this is not constantly flat, the results are comparable with solutions as the one in [14] . Table 1 shows the comparison with previous designed reflectionless filters. As previously mentioned, this is the first filter based on Acoustic Wave resonators to the best knowledge of the authors; therefore, the comparison with previous works only intend to offer an overview of what it can be achieved. Unlike filters based on lumped components, the quality factor of the resonators is Q = 1500, which allows to obtain deep transmission zeros, however, the group delay is increased at the edges of the bandpass as shown in Fig. 10 . Also, as seen in the comparison, this topology is used for narrow-band applications, in this case with a relative bandwidth of F BW = 2%, unlike other configurations that may present values above F BW = 10%.
With the aim of studying the effect of the unbalance on the return losses, the co-simulation has been carried out including a phase shifter in one of the branches of the used sections. It has to be pointed out that the effect of unbalancing both sections at the same time does not substantially affect the overall return losses since the observed level is very low. The values of the phase shifter are φ i = 0.5, 1, 2, 5 and 10 • , where φ i = 0.5 • corresponds to the case of lower return losses in Fig. 11 . Since the return losses are so low, the transmission response of the filter is not affected in any case. 
CONCLUSIONS
Although some reflectionless structures have been previously reported, in this work a high-selective reflectionless filter using acoustic wave resonators is presented taking advantage of the particular behavior of the BAW/SAW resonators. The bandpass response is obtained by concatenating sections with transmission zeros below and above the passband using AW resonators. The transmission zeros are contribution of the electrical behavior of such resonators. Since both sections are perfectly matched in the whole frequency spectrum, different sections can be concatenated without negative effects. The designed filter presents two transmission zeros below and above the passband increasing the selectivity, also improving the out-of-band rejection with respect a conventional ladder-type filter. Moreover, the effect of unbalance has also been considered, obtaining return losses better than 20 dB for an unbalance of φ i = 5 • , without affecting the insertion losses. A bandpass filter using fabricated BAW-SMR resonators has been presented to validate the proposed topology.
